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ABSTRACT
This project examined the corrosion rates and mechanisms of two candidate alloys for use in Lead-
Bismuth Eutectic (LBE) cooled fast nuclear reactors. The two alloys examined were T91 and
Fe-12Cr-2Si. An experimental study was performed to analyze the static corrosion on the two alloys.
For the experiment, the polished samples of the two alloys were heated in LBE for 166 hours at 700
The heating conditions, such as temperature, oxygen levels, and moisture levels were monitored closely
throughout the duration of the experiment. During the heating process, hydrogen gas was bubbled into
the LBE, creating a highly reducing environment. Argon was used as a cover gas.
Upon removal from the furnace, the alloy samples were examined via optical microscopy, scanning
electron microscopy, and X-ray diffraction analysis. Examination of the samples found no observable
corrosion effects on the Fe-12Cr-2Si samples and a thin layer of magnetite on the T91 sample.
Thesis Supervisor: Ronald Ballinger
Title: Professor of Nuclear Engineering
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I. Introduction
The next generation of fast-spectrum nuclear reactors will utilize a class of coolants that
have properties superior to those of Light Water Reactor (LWR) coolant for fast reactor
applications, such as effective heat transfer and low neutron absorption cross sections. LBE
(Lead-Bismuth Eutectic) is a prime candidate for coolant selection as it fits the requirements.
LBE has a number of key advantages that make it an excellent candidate for a coolant in fast
reactors. LBE has a relatively low neutron absorption cross section, making it a poor moderator,
which keeps the neutron spectrum fast. Additionally, LBE's thermal properties are superior to
those of many other coolants, such as molten metals and salts. LBE has a low melting point and a
high heat transfer coefficient. These properties and more make LBE an ideal coolant for fast
spectrum nuclear reactors. However, LBE is corrosive to the structural materials in the reactor,
which can lead to premature damage and operational limitations, placing an upper limit on the
operating temperature. This project addressed the issue of static corrosion of potential structural
materials by examining the corrosion rate and mechanism of corrosion of LBE on alloys
designed to resist LBE corrosion.
In previous studies [Gnecco], numerous alloys had been tested for use in LBE. However,
no one alloy is capable of sustaining both strength and corrosion resistance at high temperatures
(650 0C and above) for long periods of time. Thus, the goal of this research was the creation of a
composite structural material that will be durable in LBE.
The two steel alloys being examined for this project are T91 and Fe-12Cr-2Si, a
corrosion resistant alloy developed by Lim [Lim]. They are believed to be excellent candidates
for structural materials in LBE fast reactors when used in combination. T91, the structural
material, has been shown to retain its strength up to 700 C. In addition, it resists creep and
radiation embrittlement, T91 also contains high concentrations of chromium for corrosion
resistance and molybdenum for strength. Fe-12Cr-2Si, the corrosion resistant material, was
chosen solely for its corrosion resistance. This alloy will be used as a cladding layer, providing
the ultimate corrosion resistance against LBE.
The experiments that were carried out in this project addressed the issue of LBE static
corrosion on the alloys mentioned above. The experiment consisted of testing samples of T91
and Fe-12Cr-2Si steel at 7000 C for 160 hours. Afterwards, the samples were removed and
analyzed for corrosive effects by observation with optical and electron microscopy. X-ray
spectroscopy (XRD) maps of the samples were also made in order to investigate regions of
elemental enrichment and depletion.
II. Project Background / Literature Review
LBE possesses a range of favorable thermo-physical and chemical properties, making it
an excellent choice for a coolant in fast nuclear reactors. Liquid LBE is an extremely dense
molten metal (at operating temperatures) and therefore has a high coefficient of heat conduction,
which allows for a reactor that is smaller than a conventional water-cooled reactor since less
coolant is needed. A smaller reactor complex implies a much less expensive reactor as the entire
system of piping, pressure vessels, structural materials, etc. will be reduced in size. LBE melts at
123.5°C and boils at 16700 C, which allows a wide temperature margin in which it remains
liquid. Thus, there is little likelihood of the coolant vaporizing in the event of an accident. The
added benefit of this wide liquid phase temperature range is that the coolant will not need to be
pressurized, reducing the risk of pressure leaks or pressure-caused explosions. Neutronically,
LBE has low neutron absorption and moderation cross sections, making it a poor neutron
moderator and therefore favorable for use in a fast reactor. These are clear advantages over
conventional coolants such as water, deuterium, or molten salts. Finally, LBE exhibits low vapor
pressure and chemical inertness with air, which removes the problem of combustion hazards that
are serious concerns in sodium-cooled reactors. Table 2-1 displays a chart of properties
comparing LBE to sodium.
Despite LBE's many favorable properties as a coolant, it is highly corrosive to structural
materials. The corrosive effects take place mainly at temperatures above 450 degrees Celsius.
[Loewen and Tokuhiro] LBE's main mode of corrosion is dissolution [Lim]. When a material
dissolves in LBE, the bonds within the solute begin to break; simultaneously, bonds begin to
form between the solute and the LBE solvent. This results in disintegration of the structural
material in the solvent. In the past, chromium has been found to form a stable diffusion barrier
between the solute and the solvent [Maitre et al].
Figure 2-1 shows the Lead-Bismuth phase diagram for reference.
Figure 2-1: Lead-Bismuth Phase diagram [ASM Handbook]
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Table 2-1: Comparison of Coolant Properties [Lim]
Material Pb LBE Bi Na
Atomic Weight (amu) 207.2 -208 208.9804 23.0
Melting Point (C) 327.5 125.5 271.4 97.8
Boiling Point (C) 1750 1670 1564 883
Density (g/cm3 at 600 C) 10.27 9.91 9.66 .83
Viscosity (cP at 600 C) 1.556 1.170 1.049 .207
Vapor Pressure (mmHg at 600 C) .0004 NA .08723 23.70
Thermal Neutron Cross Section (b) .17 .094 .034 .53
Chemical Reactivity (with air and water) Inert Inert Inert Highly Reactive
Of the two metals examined in this project, T91 is designed specifically for strength and
Fe-12Cr-2Si is designed for corrosion resistance at high temperatures, making them ideal
structural materials for an LBE cooled reactor. T91 is a ferritic/martensitic steel. Its composition
is listed in Table 2-2.
Table 2-2: Nominal T91 Chemical Composition by weight percentage. [Maitre]
Element Cr Mo Mn Si Ni V Nb C N S As Ti Cu Al P Fe
8.26 0.95 0.38 0.43 0.13 0.2 0.08 0.105 0.05 0.003 0.02 0.008 0.08 0.024 0.009 bal
T91 provides adequate strength at temperatures of up to 7000 C Corrosion tests have
shown interesting results regarding its behavior when exposed to LBE. Maitre et al observed that
T91, when exposed to LBE at 300 0C, formed protective oxide layers after being heated for 250
hours. However, at 6000 C, the protective layers became thinner and less effective. Detailed
analysis revealed that the protective oxide layer was stratified, composing of a thick iron-
depleted transition layer on the T91 side and a porous layer of Fe(Fe(l-X)Crx)204 on the LBE side.
The Fe304 layer was found to be rough in texture, which indicates non-uniform corrosion of the
T91 steel. The two oxide barriers kept the T91 from corroding in LBE [Maitre]. These results
were duplicated in Glasbrenner and Groschel's 2004 paper, who also found that at low
temperatures of 300 to 400 degrees Celsius, chromium enrichment was observed on the inner
layer as well as outer magnetite scale [Glasbrenner and Groschel]. This indicates the presence of
(Fe, Cr)304.
At elevated temperatures of 6000 C and above, however, oxide layers appeared to be less
protective as a barrier against corrosion [Maitre]. This is largely due to the phase change of iron
oxides. At temperatures below 5470 C, iron oxidizes into magnetite, which is highly dense and
hard. Above 5470C, the magnetite transitions into wustite, which is porous and almost sponge-
like in texture. Wustite provides a much weaker barrier against LBE, as a result, the corrosion
rate on the sample surface increases. Additionally, wustite is less adhesive to the iron surface
than magnetite, which further weakens the oxide barrier against corrosion [Gnecco et al].
The second alloy examined in this project is Fe-12Cr-2Si, which is a ferritic steel. Table
2-3 lists the nominal chemical composition of Fe-12Cr-2Si steel for reference.
Table 2-3: Nominal Fe-12Cr-2Si Steel Chemical Composition by weight percentage [Lim]
C Si Mn P S Cu Ni Cr W Mo Nb N B Fe
0.02 2.00 0.3 0.01 0.01 --- 0.02 12.0 --- --- --- 25ppm --- bal
Ferritic/Martensitic steels containing chromium of more than 9 wt% have been shown to
exhibit good resistance against corrosion in LBE [Furukawa]. This is due to the protective oxide
layers that form on the steel surface. According to Furukawa et al, it has been found that at high
temperatures of over 600 0 C, the adhesion between the oxide layer and the steel weakens, and
thereby offers less protection [Furukawa]. The oxide layers that form at 5500 C are arranged in
four distinct levels: a diffusion layer, a Fe-Cr-O layer, a condensable Fe-O layer, and a porous
Fe-O layer. The Fe-Cr-O layer is the main defense against corrosion by preventing the LBE from
penetrating the base metal. During tests that exposed Fe-12Cr-2Si to LBE for short periods of
time, such as 800 hours or less, the Fe-O and Fe-Cr-O layers still existed but were thin. Over
time, at about 2000 hours, these layers would mostly disappear. Dissolution attacks were also
found on the base metal at the end of the long tests [Furukawa].
Figure 2-2 shows a cross section of these oxide layers
Figure 2-2 -Oxide layers on sample [Furukawa]
The particular alloy of Fe-12Cr-2Si and the heating scheme of 700 0 C in LBE was chosen
for three reasons. First, 700 0C is a reasonable upper limit temperature for the power cycle of a
fast nuclear reactor, making the findings of this project relevant to reactor design applications.
Setting the temperature at 7000 C sets up the second reason 
- while chromium dissolved in iron
provides corrosion resistance, at 7000 C there is a phase transition from alpha-ferrite to sigma-
ferrite above 12% chromium [ASM Handbook]. The sigma-phase transition causes weak points
in the alloy by creating discontinuities in the grain structure. Thus, additional chromium into the
metal would actually counteract the protective effects of corrosion resistance the chromium
would provide by weakening the cladding layer. Fe-12Cr-2Si provides the correct amount of
chromium for corrosion resistance without other detrimental effects. Figure 2-3 shows the phase
diagram of chromium in iron for reference.
Figure 2-3: Iron-Chrome phase diagram [ASM Handbook]
Atomic Percent Chromium
, i J.*C-0 ' W
0 10 0 30. 40 50 00 70 0 0 too
Fe Weight Percent Chromium Cr
According to Ravindranath and Malhotra, at 7000 C, the phase transition from alpha to
sigma occurs at about one hour of heating. This phase transition occurs in the form of
precipitation on the ferrite grain boundaries. After longer heating times, such as 100 hours or
more, these precipitates occur at the austenite grain boundaries as well. XRD scans indicated that
sigma phase forms by the decomposition of the ferrite phase from alpha to sigma and gamma
[Ravindranath and Malhotra].
Finally, Fe-12Cr-2Si was selected for experimentation in LBE because of its silicon
content. The silicon content will aid in Fe-12Cr-2Si's corrosion resistance by forming a barrier
of SiO2 that will rest underneath any other oxide layers that may form. The SiO2 layer is the final
and strongest barrier for dissolution on the alloy surface. According to Miller et al - silicon in
solid solution forms spherical silicon-enriched regions in alloys after neutron irradiation. This
enrichments form without major changes in solute concentrations in the molecular matrix. The
benefit of having a small number of these silicon-enriched regions is that they impede the
motions of dislocations that may form in the material, and thereby improve the material's
mechanical properties. However, it is worthwhile to note that too much silicon will embrittle the
material as too many enrichment sites will be overly restricting for the material. This over-
constraint to deformation may cause the material to break unexpectedly as the result of a build-
up of stresses. Thus, the 2% silicon content in Fe-12Cr-2Si will allow the material to deform
slowly and plastically. [Miller et al]
The eventual goal of analyzing the two alloys in this project is to make a durable and
corrosion-resistant prototypical composite material for LBE cooled fast reactor coolant piping
and fuel cladding. The composite will likely be T91 that is weld-overlaid with Fe-12Cr-2Si and
then surface-treated. The process plan is to make billets of Fe-12Cr-2Si into weld wire and then
overlay the wire onto the T91. The billets will then be coextruded together and then rolled. For
the cladding tubes, the rolled billets will be tube drawn. Because of embrittlement issues, the Fe-
12Cr-2Si layer will be extremely thin.
III. Experiment Setup
Experiment Preparation and Preliminary Procedures
For each heating session, the following preparation procedures were performed.
1. Sample Polishing
The alloys used in the experiment for the samples were provided by Metalmen Sales, Inc.
at metalmensales.com. The samples used for this experiment were cut from larger sections of
T91 and Fe-12Cr-2Si with a wire EDM. The EDM left a poor surface finish on the samples. In
order to study the corrosion on the samples, they had to first be polished. To polish the samples,
a polishing wheel was used. The samples were polished with SiC sandpaper with grits of 60,
120, 240, and then 400. After using the sandpaper, 50nm colloidal alumina was used. The
samples were polished to an almost mirror-like finish.
2. Sample Securing During Heating
Once the samples were polished, they were attached to a hexagonal steel sample holder
by screws. The sample holder was made of plain carbon-steel to avoid contamination to the lead-
bismuth. Figures 3-1 and 3-2 show diagrams of the sample holder. The models were generated
using SolidWorks.
Figure 3-1: Solid Model of Sample Holder
imple
The hexagonal sample holder was cut on the water jet and then the holes were tapped. The
screws used were carbon 6-32 screws.
Figure 3-2: Dimensioned drawing of hexagonal sample holder
cis
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3. Furnace Preparation
Before the samples were placed into the furnace, the furnace itself was cleaned and
prepared with acetone and methanol. After the furnace was chemically and mechanically
cleansed, a bake-out was performed to remove any residual debris in the furnace.
4. Lead-Bismuth Eutectic Preparation
For the experiment, LBE was prepared with lead and bismuth pellets mixed at eutectic
proportions (48% lead to 52% bismuth by weight). The pellets were first weighed to obtain the
correct amounts and then melted in the same crucible.
Experimental Procedure
Once the samples and furnace were ready, the experiment was ready to begin. The
samples were heated in the furnace for 166.25 hours at 7000C in lead-bismuth eutectic. During
the heating, a continuous stream of argon cover gas with 3% hydrogen was pumped into the
furnace in order to provide a reducing atmosphere. The experimental temperature was measured
with thermocouples.
IV. Results
After 166.25 hours of heating time, the samples were removed from the furnace and
examined. Figure 4-1 is an image of the samples immediately after being removed from the
furnace.
Figure 4-1 - Samples on sample holder after the heating
The samples were covered with specks of hardened LBE and could not be analyzed
precisely for weight changes. However, the corrosion lines on the samples were visible.
Figure 4-2 shows a Fe-12Cr-2Si sample.
Figure 4-2: Fe-12Cr-2Si Sample out of furnace
LBE droplet
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1. Analysis Method: Optical Examination
The first step of the analysis was examination of the samples on an optical microscope.
Preliminary measurements of the surface roughness were taken. Figure 4-3 shows an image of
the Fe-12Cr-2Si sample surface at 1000x magnification.
Figure 4-3: Fe-12Cr-S2Si Sample at 1000x at corroded section
Average Surface Roughness of Fe-12Cr-2Si
From the optical imaging, the average roughness was about 6.52 microns (measured
between the peaks and valleys of the surface) on the corroded section of the sample. The
standard deviation of the surface roughness was 2.3 microns. This average-roughness value was
calculated from the depths of twelve different points on the sample. The average surface
roughness of the corroded section of the sample was then compared to the average surface
roughness of the non-corroded section of the sample. The average surface roughness was
calculated to be 6.03 microns, which is well within one standard deviation of the average
roughness of the corroded section. The surface roughness was probably caused by scratches the
samples sustained during polishing. The data is summarized in Table 4-1.
Table 4-1
Fe-12Cr-2Si Average Surface Roughness Standard Deviation
Corroded 6.52 microns 2.3 microns
Non-Corroded 6.03 microns 3.09 microns
Figure 4-4 juxtaposes an image of the corroded section of Fe-12Cr-2Si with a non-corroded
section, showing the similarity of the two.
Figure 4-4: Comparison of corroded and non-corroded sections of Fe-12Cr-2Si
Average Surface Roughness of T91
The same analysis and calculations were performed for the T91 samples. A sample image
of the T91 sample surface is shown in Figure 4-5.
Figure 4-5: Corroded section of T91 Surface at 1000x magnification
The data is summarized in Table 4-2. The T91 measurements were also taken at 1000x
magnification.
Table 4-2
T91 Average Surface Roughness Standard Deviation
Corroded 4.2675 microns 1.38 microns
Non-Corroded 2.32 microns 1.30 microns
The change in surface roughness indicates that some of the material from the T91 surface had
been worn away. The corrosion rate can be calculated by taking a difference between the surface
roughness of the corroded end and the non corroded end and then dividing by the total corrosion
time, 166.25 hours. The corrosion rate was found to be approximately 0.012 microns per hour.
2. Analysis Method: SEM Examination
From the SEM, more detailed visual examination of the surface roughness was
performed. Element maps were also made to analyze the compositions on the sample surface.
Figure 4-6 shows a sample element map of Fe-12Cr-2Si surface at 2500x.
Figure 4-6: Element map of a section of Fe-12Cr-2Si magnified at 2500x
The element maps for the Fe-12Cr-2Si showed a small amount of oxide layering on the
surface that was about 0.4 microns thick. The maps also showed the silicon migrating to the
surface of the sample, which may partially be the reason there was no lead or bismuth past the
sample-LBE interface.
Visual analysis with the SEM of the Fe-12Cr-2Si surface confirmed the findings from the
optical microscope: that the surface imperfections were not corrosion-related. There was no
significant difference between the corroded and non-corroded ends of the sample.
Figure 4-7 juxtaposes a corroded section of Fe-12Cr-2Si with a non-corroded one. The
images were taken at 4500x magnification.
Figure 4-7: Juxtaposition of corroded and non-corroded Fe-12Cr-2Si at 4500x magnification
Corroded Non-Corroded
The same analysis was performed for the T91 samples. The element maps of the T91
samples showed no anomalies in the build-ups or concentrations of various elements. However,
there was a evidence of an oxide layer on the sample surface. Figure 4-8 shows a representative
element map of the T91 samples.
Figure 4-8: T91 Element map (the scale bar says 1.2 microns)
NOTE: Need to label the above dot maps as you did in earlier figures so we can see what
element is being analyzed for.
Visual examination of the T91 samples under the SEM confirmed the corrosion rate found
using optical microscopy. Additionally, there were a number of evenly spaced black spots on the
interior of the sample. Figure 4-9 shows an image of these black spots.
Figure 4-9: T91 sample at 3100x magnification
Black Speck
An analysis of the composition of these black spots was performed with the spectrometer. The
composition of the black specks was then compared to those of regular T91. The results are
displayed in Table 4-3.
Table 4-3 - Comparison of Compositions
Atom % of Fe Atom % of Cr
Black Speck 90.42 (+/- 1.24) 9.58 (+/- 1.24)
T91 90.44 (+/- 0.78) 8.97 (+/- 0.23)
The spectral analysis indicated that the
not the product of a corrosive reaction.
black spots were simply discolored sections of T91 and
3. Analysis Method: X-ray Diffraction
The samples were also examined by X-ray Diffraction for the composition of the
corrosion build-up on the surface. The original image of the reflections on the Fe-12Cr-2Si and
the corresponding spectrum of peaks are displayed in Figure 4-10 and 4-11.
Figure 4-10: 2D Image of T91 XRD Reflections

Figure 4-11: Spectrum of Peaks on Fe-12Cr-2Si Sample
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The XRD analysis of the Fe-12Cr-2Si showed that the only significant deposits on the surface of
the sample were lead and bismuth. The XRD found no detectable traces of oxides.
Similarly, the T91 samples underwent the same XRD analysis. The results are shown in
Figures 4-12 and 4-13.
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Figure 4-12: 2D Image of T91 XRD Reflections
The arc labeled "Textured Bi (002) peak" was labeled "textured" because the grain sizes on the
sample were uneven and caused the arc to be of non-uniform brightness.
Figure 4-13: Spectrum of Peaks on T91 Sample
Pbo.Bio3
T-1 MI v-1lI'" l V'·""I ·r1 rr _
Two-Theta (deg)
On the T91, the major peaks showed mainly lead and bismuth. However, there were some traces
of magnetite deposits, indicating that there was some oxidation of iron on the surface.
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V. Discussion
1. Fe-12Cr-2Si Sample Findings
The empirical findings from the experiments indicate that very little corrosion took place
on the Fe-12Cr-2Si sample surface. From the optical microscopy, one can infer that the surface
roughness between the corroded region, the region of the sample that was dipped into LBE, and
the non-corroded regions are not significantly different. The average roughness of the non-
corroded region was well within one standard deviation of the roughness of the corroded region.
Further topical examination with the SEM and XRD confirmed this finding. From the element
maps of the sample, one can see a clear line of demarcation between the lead-bismuth and the
iron-chromium regions. This is especially evident in the following map.
Figure 5-1: Fe-12Cr-2Si map at 4000x magnification
Note how distinctly separate the bismuth and lead are from the iron and the chromium. This lack
of blending implies that there was little dissolution of iron and chromium in the LBE.
Additionally, the location of the silicon and oxygen is also significant. The silicon and oxygen
were concentrated in the area immediately above the iron and chromium. This may imply the
formation of a silicon oxide layer on the sample. Unfortunately, this suggestion was not
confirmed by the XRD analysis as there were no peaks of silicon oxide found on the sample
surface. However, that is not to say that there was no oxide layer. The XRD analysis was
performed on the face of the sample, whereas the SEM element map examined a cross section of
the sample. It is not unlikely for the oxide layer to be covered by residual LBE that remained on
the sample surface. Additionally, it could be likely that the corrosion layer that formed was so
thin that the XRD was just unable to detect it.
Another possibility is that the according to the silicon-bismuth binary phase diagram,
shown in Figure 5-2, silicon is insoluble in bismuth at 700 Celsius. Chromium in bismuth at 700
Celsius is in the liquid phase for both materials. This is shown in the chromium-bismuth binary
phase diagram, shown in Figure 5-3. The distribution of silicon on the surface of the iron-chrome
sample formed a protective seal over the alloy, which prevented dissolution.
Figure 4-2: Binary phase diagram of Bismuth in Silicon [ASM Handbook]
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Figure 5-3: Binary phase diagram of Bismuth in Chromium [ASM Handbook]
Weight Percent Bismuth
.10 4I
Aoi P o so to Bio 6s
Atomic Percent Bismuth
.27L441UtJP,
o0 0 M00
Bi
I + LI
IPl I et
-(Si)
Itlw-
4, 40
rEftnd%
aca-o000-
M.
ft
--a-
-c
10. 2.40 v p
11 4
2000*)
1500-
& ItI ILa
*-(Cr)
.................... ... . i( )(m-
_ _ • . . . . . . . .. i . . .. . . . . . .. . . . . . .. . . . . r j • . . . . .•1 j~ l• . . . m . . .. . . .i .. . . .
__ I ~1
o
i
(S1)-L
r~tCli~C"
rrrr~m
IOo0,
u·
-e
I--- -1·
Regardless of the mechanism, the clear conclusions from this portion of the experiment
are that the silicon diffused outwards towards the surface of the sample and that there does not
appear to be any signs of dissolution of the alloy as a direct result of being submerged in LBE.
Whether or not the two effects are related is left to future studies.
2. T91 Sample Findings
From the optical microscopy, it can be inferred that some amount of corrosion did take
place. The surface roughness at the corroded end of the sample was significantly more than the
roughness of the non-corroded end. Further inspection of the surface on the SEM via element
maps suggested a small amount of oxide formation on the surface of the sample. The
concentration of oxide on the surface of the sample can be seen in Figure 5-4. The poor
definition of the oxygen layer was likely the result of a combination of several factors. First, the
oxide layer is probably thin and sparsely formed, resulting in lower detection resolution. Second,
the oxide layer is likely to be porous as the samples were heated to 700 Celsius, which is past the
magnetite to wustite transition point at 5470 C. Wustite is sponge-like in texture and non-
adhesive. Both may result in an oxide layer that is difficult to detect clearly. Another possibility
could be that, again, the layer was indeed present but because it was so thin mounting and other
procedural issues prevented detection of it.
Figure 5-4: Element map of T91 of an image at 1000x magnification
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Unfortunately, the oxide layer found on the T91 samples was later revealed by the XRD
to be magnetite, and not wustite. While unexpected, the presence of magnetite on the sample
surface is not unreasonable. Wustite is much less adhesive than magnetite to the surface of the
sample, thus, any wustite that did form from magnetite will be much more likely to be stripped
from the sample surface than the magnetite. Additionally, the samples were only heated for 166
hours, which is a relatively short period of time. Thus, it is possible that wustite only formed in
insignificant quantities. More wustite may be found with longer heating times.
Nonetheless, the T91 sample did undergo corrosion. Over the course of 166.25 hours, the
alloy receded approximately 1.95 microns. This results in a corrosion rate of 0.012 microns per
hour. 0.012 microns per hour is probably a high-end estimate for the corrosion rate as the alloy is
unprotected by oxide layers. A fast reactor's lifetime can be estimated at 40 years. At 0.012
microns per hour, the bare T91 components will have lost 4 mm of material off the surface.
3. General Notes with both Alloys in the Experiment
At the conclusion of this experiment, the result for both alloys was that very little
corrosion was observed. On one hand, one can say that this is due to the fact that the two
materials chosen, Fe-12Cr-2Si and T91, were selected for study because their material
compositions suggested their corrosion resistance. This prediction, while extremely likely, does
not account for the entire story. A huge factor that influenced the lack of corrosion was the fact
that the heating environment was highly reducing. Hydrogen was constantly bubbled through the
furnace and the LBE was flooded by argon cover gas. The oxygen levels in the furnace were
monitored and never went above 0.13 ppm. Additionally, the samples were only heated for
166.25 hours, which is a relatively short period of time. In the existing literature, samples were
usually heated between 200 to 1000 hours as corrosion is a time-intensive process.
Another issue with this experiment that may have contributed to the lack of significant
data is the mode of sample preparation. The samples of T91 and Fe-12Cr-2Si were prepared by
hand. The surfaces were individually polished by hand on a polishing wheel. The polishing
process was somewhat arbitrary as the experimenter deemed when the samples were finished
based on visual inspection. Thus, there were probably plenty of inconsistencies in the surface
finishes between samples, which would have affected the outcome of the corrosion layer.
4. Future Work
The two alloys studied here have a great amount of potential in applications in fast
nuclear reactors. This experiment is a budding process that will produce useful answers. First,
however, the experiment has generated more questions. For example, what exactly was the
process that prevented the Fe-12Cr-2Si from corroding and what effect did the silicon on the
surface provide? What would happen to the magnetite layer if the T91 sample had been allowed
to heat for longer periods of time? How much would the corrosion rate change had the
environment been less reducing? These are all questions that can be answered with further
experimentation.
As a plan for future work, the follow experiments and improvements will be
implemented. First, the alloy samples will be professionally polished utilizing specialized
polishing equipment. This will ensure that the samples are all of uniform surface finish. Second,
the samples will be heated for longer periods of times - 200, 400, 800, and 1000 hours. This will
allow a more comprehensive picture of the corrosion process. Additionally, more detailed
analysis techniques will be employed. Besides using the optical microscope, SEM, and XRD to
examine the surface of the samples, the samples will be etched and further studied by
examination of the grain boundaries. Finally, the samples will be heated in both oxidizing and
reducing atmospheres to examine the materials' responses to increasingly corrosive
environments.
VI. Conclusions
This experiment was a first-round iteration at the problem of creating an adequate
composite material for the use in LBE cooled fast reactors. After 166.25 hours at 700 Celsius,
the two alloys examined, Fe-12Cr-2Si and T91, both appeared to have resisted corrosion fairly
well. The Fe-12Cr-2Si formed some sort of silicon matrix at the surface of the sample, which
may have been the protective barrier against the LBE. No oxide layers were found on the Fe-
12Cr-2Si. T91 was found to have formed a thin layer of magnetite on the surface, which was
rather unexpected since magnetite transitions into wustite at 547 Celsius. The lack of wustite
may be because wustite is less adhesive and therefore was stripped away from the surface or
because of the short total heating time that the wustite did not have time to form. Regardless, the
T91 sample was found to corrode at a rate of 0.012 microns an hour, which would mean total
corrosion loss of 4 mm over the course of 40 years of operation time for a nuclear reactor.
This experiment has raised a number of questions regarding Fe-12Cr-2Si and T91 that
will guide the direction of the next set of experiments, such as testing the corrosion rates of the
two alloys in reducing and oxidizing environments and placing more emphasis on the time-
dependency of the corrosion behavior. With more experimentation and analysis, an optimal
composite for use in LBE-cooled fast reactors will eventually be procured.
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